Quantum dot photovoltaics (QDPV) offer the potential for low-cost solar cells. To develop strategies for continued improvement in QDPVs, a better understanding of the factors that limit their performance is essential. Here, we study carrier recombination processes that limit the power conversion efficiency of PbS QDPVs. We demonstrate the presence of radiative sub-bandgap states and sub-bandgap state filling in operating devices by using photoluminescence (PL) and electroluminescence (EL) spectroscopy. These sub-bandgap states are most likely the origin of the high open-circuit-voltage (V OC ) deficit and relatively limited carrier collection that have thus far been observed in QDPVs. Combining these results with our perspectives on recent progress in QDPV, we conclude that eliminating sub-bandgap states in PbS QD films has the potential to show a greater gain than may be attainable by optimization of interfaces between QDs and other materials. We suggest possible future directions that could guide the design of high-performance QDPVs.
As shown in Figure 1b , the qV OC (555 meV) of a certified 8.6% device 8 is significantly lower than the absorption onset energy of a PbS-TBAI QD film. Figure 1c and d compare the V OC deficit in QDPV with that of other leading PV technologies, with V OC values corresponding to certified record-efficiency devices. 17 As the definition of bandgap differs between communities, we consider a range between two values for the PbS QD bandgap: the optical gap, conventionally defined as the first exciton absorption peak (here, 1.33 eV), and the onset of the external quantum efficiency (EQE) (1.13 eV). Given the broad exciton absorption peak in QDs, the EQE onset is preferred when comparing the measured V OC with the Shockley-Queisser limit. 18 Although the V OC deficit (575 mV) in QDPV is comparable to that in CdTe and CZTSSe solar cells, it is ∼200 mV larger than that in single-crystalline Si solar cell with a similar bandgap (E g = 1.12 eV, V OC = 740 mV).
Sources of V OC deficit could be (1) poor QD monodispersity, 19 (2) insufficient photon absorption, (3) incomplete charge collection, and (4) fast carrier recombination rate. Poor monodispersity of QDs broadens the absorption spectrum near the band-edge, whose sharpness is known to be correlated with device V OC . 19, 20 However, monodispersity is unlikely to be the primary cause of the large V OC deficit, as has been shown previously 11, 21, 22 and discussed in the Supporting Information. Insufficient absorption and incomplete charge collection are also not likely primary causes of the large V OC deficit as V OC scales logarithmically with J SC . Thus, we focus our attention on carrier recombination mechanisms, which are dominated by junction characteristics and the presence of subbandgap states in the absorber (i.e., the sub-bandgap emissive states in Figure 1b ).
We carried out several device characterization techniques to investigate the working mechanisms of these devices. The diode ideality factor n is an indicator of the dominant recombination mechanism. By fitting the dark J-V curves with the ideal diode equation, n is determined to be 1.8 ± 0.1 for both PbS-TBAI QD and PbS-TBAI QD/PbS-EDT QD devices (Figure 2a) . Alternatively, n is found to be 1.5 ± 0.1 from the light intensity dependence of the short-circuit current density (J SC ) ( Figure 2b ) and V OC (Figure 2c ) according to the following relation: (1) where k is the Boltzmann constant, T the temperature, and J 0 the reverse saturation current density. When band-to-band recombination dominates, n is equal to 1. The ideality factor n > 1 indicates that other recombination mechanisms such as trap-assisted recombination (n = 2) in PbS QDs within the space-charge region (or depletion region) are involved.
The similarity in the ideality factor and dark J-V characteristics of the PbS-TBAI QD and PbS-TBAI QD/PbS-EDT QD devices suggest similar recombination mechanisms, which points to two important conclusions. First, the higher V OC of the PbS-TBAI QD/PbS-EDT QD device compared to the PbS-TBAI QD device is a consequence of its higher J SC under the same light intensity. This is consistent with the electron-blocking effect of the PbS-EDT QD layer, which improves the charge carrier collection efficiency. 8 Second, since the addition of the PbS-TBAI QD/PbS-EDT QD interface does not appear to affect carrier generation-recombination mechanisms, the ZnO/PbS QD heterojunction must dominate the carrier recombination processes (J 0 ) and thus the V OC . The dominant recombination process is, thus, either space-charge region recombination in PbS-TBAI QDs or interfacial recombination at the ZnO/PbS-TBAI QD interface. Figure 2d shows a study of carrier recombination dynamics using transient photovoltage measurements at various steady-state bias light intensities. The carrier lifetimes as a function of V OC for PbS-TBAI QD and PbS-TBAI QD/PbS-EDT QD devices are almost identical, further supporting similar dominant recombination mechanisms and rate constants. Zhao et al. 23 and Brown et al. 24 have shown that different PbS QD layers can alter both the carrier lifetimes and their slopes versus V OC . When different recombination mechanisms are present, a longer carrier lifetime usually translates into a higher V OC . In contrast, the devices studied here have identical ZnO/PbS QD heterojunctions. Under identical white light bias, the PbS-TBAI QD/PbS-EDT QD device-which exhibits a higher V OC -shows a shorter carrier lifetime, due to the higher steady-state photogenerated carrier concentration. We note that under 1 sun illumination (100 mW/cm 2 ), the carrier lifetimes for PbS-TBAI QD/PbS-EDT QD and PbS-TBAI QD devices are 0.8 and 1.4 μs, respectively, which indicates faster recombination rates than observed in devices based on PbS-EDT QDs (2 μs, Supporting Information Figure S2 ) and other organic ligand-passivated PbS QDs (2-13 μs). 24, 25 The temperature-dependent J-V characteristics provide further insight into generationrecombination processes contributing to the diode current (Figure 3a-c) . For a single thermally activated carrier generation-recombination mechanism, J 0 can be expressed as eq 2. Substitution of eq 2 into eq 1 yields eq 3 (2) (3) where E a is the activation energy, and J 00 the prefactor. 26 n activation energy equal to the absorber bandgap implies the dominance of bulk generation-recombination in the absorber. An activation energy smaller than the bandgap often implies the significance of interfacial recombination. 26 In the high-temperature range where n, J 00 , and J SC are nearly temperature-independent, E a can be determined by extrapolating V OC to 0 K. As shown in Figure 3a , for a PbS-TBAI QD/PbS-EDT QD device, E a is determined to be 0.92 ± 0.01 eV for all three illumination intensities. In the range where n, J 00 , and J SC show temperature dependence, E a can be determined from eq 4, a reorganized form of eq 2 26 (4) From eq 4 and the dark J-V curves at different temperatures (Figure 3b ), E a is determined to be 0.94 ± 0.01 eV (Figure 3d ), in good agreement with the value extracted from the T-V OC plot ( Figure 3a) . The PbS-TBAI QD device shows similar behavior with an activation energy of 0.96 ± 0.01 eV. Figure 4a shows the PL spectra of a PbS-TBAI QD/PbS-EDT QD device under different excitation intensities. An additional emission peak with energy ∼0.23 eV lower than the band-edge emission is observed. This sub-bandgap emission dominates the PL at low excitation intensities. sub-bandgap emission is also observed in PbS-TBAI QD films on glass that are fabricated and encapsulated in an air-free environment (Supporting Information Figure S6a ), which suggests that it originates neither from interfacial states between ZnO and PbS-TBAI QDs nor from any oxidation species in PbS-TBAI QDs. The excitation power dependence (Figure 4b ) is consistent with a competition between two emissive species, where the free-exciton-like transitions exhibit superlinear power dependence with an exponent 1 < α < 2, whereas transitions involving states within the gap follow a sublinear power dependence (α < 1). 27 The fact that the sub-bandgap emission has not saturated suggests that these sub-bandgap states may not be completely filled at 1 sun intensity.
The device also shows electroluminescence (EL) with a turn-on voltage of approximately 0.5 V (Figure 4c ). The ratio of the sub-bandgap emission to the band-edge emission in the EL spectra decreases with increasing applied voltage (i.e., with increasing injected carriers density (Supporting Information Figure S5 ), similar to the power-dependent PL spectra. Unlike the band-edge emission whose peak position stays constant, the sub-bandgap emission shows a blue shift with increasing excitation power (PL) (Figure 4a ) or injected carriers (EL) (Supporting Information Figure S5 ), consistent with filling of sub-bandgap states from deeper states in PbS QDs.
Additional information can be found in the emission spectra at different applied biases ( Figure 4d) . As the applied voltage increases from reverse to forward bias, the PL intensity increases (Figure 4e ), whereas the extracted photocurrent decreases monotonically (Supporting Information Figure S4 ). This observation is similar to that in a recent study 28 and indicates that uncollected photogenerated carriers in part contribute to the PL in a working device. Moreover, at higher forward bias, the ratio of sub-bandgap PL to band-edge PL decreases, and the sub-bandgap PL slightly blue-shifts (Figure 4f ). Such behavior is consistent with sub-bandgap state filling.
On the basis of the experimental results described above, we discuss the origins of the V OC deficit. One component of the V OC deficit is the below-bandgap activation energy (E a ∼ 0.92 eV) for dark current generation, which can be interpreted in two scenarios: (1) Interfacial recombination could be a dominant process, and E a represents the bandgap of PbS QDs minus the conduction band offset between ZnO and PbS QDs. (2) E a is the energy difference between the sub-bandgap states and the band edge-the "effective gap" in QDs. As we discuss below, scenario 2 appears more likely to be the origin of the below-bandgap activation energy.
If interfacial recombination at the ZnO/PbS QD heterojunction is the dominant mechanism (scenario 1), optimization of the ZnO/PbS QD interface by tuning the band-edge energy levels or carrier concentration of ZnO could potentially improve the V OC . Enhancement of V OC via these approaches has been seen, 25, [29] [30] [31] yet the observed V OC values are similar to those reported elsewhere and remain considerably lower than the bandgap. In addition, caveats exist in determining the band alignment at heterojunctions. In related literature, the band-edge positions of oxides and QDs are often measured individually and referenced to the vacuum level to form the band diagram. This approach could be inaccurate, as we discuss in the Supporting Information. In short, surface states, surface dipoles, gap states, and chemical interactions between two materials could affect the band offset or cause Fermi level pinning. 32 Such phenomena have been seen in many QDPV systems. 5, 8, [33] [34] [35] Consequently, for discussion on the effects of interfacial band alignment engineering on device performance, performing direct measurements of the relative band alignment from bilayer samples may be more valuable.
In the case of scenario 2, the effective gap E a is determined by the position of the subbandgap energy levels. The good agreement of the energy difference between the bandgap and E a (E g − E a ≈ 0.21 eV), and the energy difference between the band-edge and subbandgap state emission (∼0.23 eV), is consistent with this scenario. This energy difference is similar to the trap activation energy (∼0.26 eV) for PbS QDs of this size. 36 This scenario also explains the limits of achievable V OC from interface engineering of the oxide layer in previous reports. 25, [29] [30] [31] In scenario 2, the generation-recombination is dominated by bulk generation-recombination in QDs through the sub-bandgap states. Thus, the "effective gap" E a represents the upper bound of the achievable V OC . A similar effective gap concept has been proposed by Nagpal and Klimov, who further proposed the existence of a weakly conducting "mid-gap band" formed by these states for charge transport. 37 We confirm that EDT-treated QDs show similar sub-bandgap emission (Supporting Information Figure S6c) , suggesting sub-bandgap states are not unique to halide-treated QDs. Therefore, this component of the V OC deficit exists in organic ligand-passivated QDs as well. In fact, a below-bandgap E a in organic ligand-passivated QDs has also been reported. 38 Another component of the V OC deficit at room temperature depends on the junction characteristics which determine the J SC , n, and J 00 (and thus the slope in Figure 3a) . The latter two factors are not independent of each other, both being governed by recombinationgeneration mechanisms, carrier concentration, carrier mobility, and carrier lifetimes in the two materials forming the junction. (A brief discussion on the validity of carrier type, 39 concentration, 40 and mobility is provided in the Supporting Information).
The difference in the V OC of organic and halide-passivated QD devices may be attributed to this second component of the V OC deficit. As mentioned earlier, devices based on PbS-TBAI QDs show faster carrier recombination rates than devices based on organic ligand-passivated PbS QDs. In line with the fast recombination rate, the J 0 of our PbS-TBAI QD and PbS-TBAI QD/PbS-EDT QD devices, (1.1 ± 0.2) × 10 −4 mA/cm 2 , is several orders of magnitude higher than that of other organic ligand-passivated PbS QDPVs (10 −7 −10 −5 mA/ cm 2 ). 24, 34, 41 We argue that the high J 0 in PbS-TBAI QD devices may be due to the low hole concentration. On the basis of measured band positions, the Fermi level is closer to the midgap in PbS-TBAI QD than in PbS-EDT QD, suggesting a lower hole concentration in the former. 8 In a typical p-n junction, decreasing the hole concentration of the p-type material (the PbS QD layer in the ZnO/PbS QD heterojunction) increases both J 0 and the pside depletion width. For PbS QD cells with short carrier diffusion lengths (<100 nm), 42 the majority of collected photocarriers is generated within the depletion region. Therefore, a longer depletion width can improve photocurrent collection efficiency and thus J SC . Nevertheless, the higher J 0 would also cause a reduction in V OC . This argument may explain the general trend observed in QDPVs: devices based on PbS-TBAI QDs or other halidepassivated PbS QDs exhibit a higher J SC than organic ligand-passivated PbS QDs, 6-8 but a lower V OC due to the high recombination rate and J 0 .
The sub-bandgap states may also be responsible for inefficient carrier collection, a significant loss in QDPVs with a thicker absorber layer. To date, the highest J SC,EQE (J SC calculated by integrating the product of EQE and the AM1.5 solar photon flux; we note parenthetically that this calculation appears to have been performed incorrectly in some publications as we discuss in the Supporting Information) in QDPV is 26-29 mA/cm 2 for devices with an EQE onset of ∼1 eV. 16, 43 The highest reported and independently verified J SC is 24.2 ± 0.7 mA/cm 2 for a device with an EQE onset of ∼1.13 eV. 8 These values are only 60% of their corresponding theoretical maxima. It can be seen from Figure 5a that a device with a thin PbS-TBAI QD absorber (220 nm thick) shows a high internal quantum efficiency (IQE) of 70-80%, consistent with reported high IQE in lead chalcogenide QDs. 43, 44 Clearly, insufficient absorption of long-wavelength photons limits EQE in thin devices. However, thicker devices benefit from increased absorption of long-wavelength photons at the expense of carrier collection efficiency (Figure 5b and 5c ), a consequence of short carrier diffusion lengths. We believe it is the presence of the sub-bandgap states instead of carrier mobility that limits the carrier diffusion length. Although the trapped carrier density in PbS QDs seems relatively low, only 10 −4 −10 −2 per QD, 45, 46 the corresponding volumetric concentration (10 15 −10 17 cm −3 ) is comparable to or higher than the concentration of photogenerated carriers. At such high concentrations, increasing carrier mobility does not improve the carrier diffusion length. 19, 46 Although the midgap states or a "mid-gap band" in PbS QDs has been proposed to explain the photoresponse upon sub-bandgap excitation, 37,47 the origin of these states is not well understood. 7, 48 It is likely that these states stem from off-stoichiometry. Indeed, firstprinciples calculations have shown that off-stoichiometry can introduce new localized subbandgap states. 49, 50 We speculate that these states are mainly introduced during the solid-state ligand exchange process. We find that the sub-bandgap emission is significant in QD thin films after solidstate ligand exchange with some short ligands such as TBAI and EDT (Supporting Information Figure S6c ). In systems with long interparticle distances, only band-edge emission is observed (Supporting Information Figure S6 ). Due to low absorption cross sections, sub-bandgap states can be difficult to distinguish from the background signal in absorption spectra. The emission, on the other hand, can be significant because carriers originating from multiple QDs can be funneled to these sub-bandgap states (especially in systems with short inter-particle distance). This phenomenon is often seen in bulk semiconductors such as ZnO, GaN, and CdS.
The presence of sub-bandgap states limits both V OC and carrier collection. The latter limitation has been mitigated by employing nanostructured oxides to improve carrier collection efficiency. 16, 51, 52 However, the fundamental problem regarding the presence of sub-bandgap states remains yet to be solved. Rath et al. 38 have demonstrated a bulkheterojunction device structure that can fill the sub-bandgap states in the dark by blending ZnO and PbS QDs. These devices exhibit an E a equal to their absorber bandgap (1.05 eV), an ideality factor close to 1, and a high V OC (0.7 V) close to the theoretical limit, although poor charge transport in that device structure limits photocurrent collection and efficiency. This demonstration also supports our claims that interfacial recombination may not be the dominant process. Therefore, it is clear that eliminating sub-bandgap states in PbS QD films is essential to improving QDPV. This could show a greater potential gain than may be attainable by further optimization of the QD/oxide interfaces. A recent study indicates that the number of trap states influences J 0 and, thus, the V OC deficit in metal-semiconductormetal devices, implying a potential gain in V OC by reducing the density of trap states. 36 It is worth noting that even with significant sub-bandgap states, current QDPVs still achieve efficiencies as high as ∼9%. Eliminating sub-bandgap states can potentially increase the diffusion length by reducing recombination and trapping in these states, leading to simultaneous and significant improvements in V OC and J SC . These improvements may well lead to power conversion efficiencies above 15%.
We highlight tailoring QD stoichiometry as a promising route to achieving this goal. Stoichiometric control of QDs has been demonstrated in PbSe QD Schottky devices by thermally evaporating excess Pb or Se atoms onto the surface. 53 Finding effective methods to control the stoichiometry across the whole QD layer may pave the way for highly efficient QDPVs. Possible strategies include exploring new ligands in combination with postdeposition treatments. In particular, employing recently developed halide ligands 6, 54, 55 and tuning the carrier concentration and stoichiometry could be promising approaches.
In summary, we have presented various analyses that provide a deeper understanding of the device working mechanisms and the present limitations in PbS QD solar cells. Our PL and EL studies unambiguously demonstrate the presence of sub-bandgap state filling effects in efficient PbS QDPVs. We show that the V OC deficit can be attributed to two components: The below-bandgap activation energy accounts for a ∼0.2 V loss in the maximum achievable V OC and is most likely due to the energy level of the sub-bandgap states. Inefficient carrier collection and heterojunction characteristics such as the low hole concentration in halide-treated PbS QDs account for remaining losses. We conclude that eliminating the sub-bandgap states is essential to improving the performance of PbS QDPVs. We discuss possible origins of these states and suggest future directions that could guide the design of highly efficient QD solar cells. Inefficient photocurrent collection efficiency of thicker PbS-TBAI QD/PbS-EDT QD solar cells. (a) The EQE, 1 − R, and EQE/(1 − R) spectra of a thin PbS-TBAI QD(220 nm)/PbS-EDT QD(45 nm) device; R is the diffuse reflectance of the device. The 1 − R represents an upper bound for PbS QD absorption so EQE/(1-R) represents a lower bound for IQE in the PbS QD layer. The transmittance of the substrate (glass/ITO/ZnO) T substrate is also shown. The device shows lower EQE at long wavelengths due to insufficient photon absorption. (b) EQE spectra of PbS-TBAI QD/PbS-EDT QD devices with different PbS-TBAI QD absorber thicknesses. Expected short-circuit current densities (J SC,EQE ) are calculated by integrating the EQE with the AM1.5 solar spectra (100 mW/cm 2 ). Thicker devices benefit from increased absorption of long-wavelength photons at the expense of carrier collection efficiency. (c) J-V characteristics of the devices shown in (b).
